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Introduction
Metal complexes of 'pincer' ligands bearing N-heterocyclic carbenes (NHCs) have been studied extensively, involving a range of additional donor types. [1] [2] [3] Within this class of compounds NHC 'pincer' ligands with a pyridyl core are common (e.g. 1). Although there is now an extensive variety of different NHC structural motifs, the pyridyl-core CNC pincer has predominantly been explored with imidazole-derived NHCs. Metal complexes of 2,6-bis(imidazol-2-ylidene)pyridine type ligands cover the majority of the d-block elements, with significant interest in catalysis applications. [1, 2, [4] [5] [6] [7] [8] By comparison, complexes of the benzimidazole-based 2,6-bis(benzimidazolin-2-ylidene)pyridine ligand system have only been reported with Pd, Ag, Os and recently Ni. [4, [9] [10] [11] [12] [13] [14] In our recent exploration of nickel complexes of the 2,6-bis(benzimidazolin-2-ylidene)pyridine ligand system we identified the formation of the five-coordinate [(CNC)NiX 2 ]
complexes 2 (X = Cl, Br), [13] an unusual coordination geometry for this CNC ligand system. Other studies of nickel complexes with 2,6-bis(imidazol-2-ylidene)pyridine ligands have predominantly identified only four-coordinate [(CNC)NiX] + geometries, [7, [15] [16] [17] with one example of a sixcoordinate nickel complex. [17] The five-coordinate complexes 2 displayed surprisingly low solubility in a range of organic solvents, and our studies suggested dissolution of these purple [(CNC)NiX 2 ] complexes resulted in formation of yellow solutions containing [(CNC)NiX] + cations 3 (X = Cl, Br). [13] In this paper we report our continued exploration of these nickel complexes bearing 2,6-bis(benzimidazolin-2-ylidene)pyridine ligands, including catalysis studies in Kumada coupling reactions. Incorporation of octyl-substituents has allowed us to explore the solution behaviour of these complexes in solvents other than highly polar solvents such as methanol. In addition we have explored the incorporation of methoxy groups to the periphery of the benzimidazole moiety, since incorporation of these groups to the 5,6-positions should not influence the coordination environment based on sterics, but may influence the electronic properties of the carbene donor 
Results and Discussion
The syntheses reported here are derived from the previously reported procedures for the synthesis of 2 (X = Br), 3·PF 6 (X = Br) and the bis(benzimidazolium) dibromide salt used as the ligand precursor. [10, 13] Treatment of 5,6-dimethoxybenzimidazole [24] with sodium hydride and then reaction of the resulting benzimidazolate anion with 2,6-dichloropyridine in DMF at 70°C for 24 hours and then 140 °C for a further 24 hours affords 1,3-bis(5,6-dimethoxybenzimidazol-1-yl)yridine (4) in good yield (Scheme 1). Alkylation of 4 with a large excess of 1-bromobutane affords the bis(benzimidazolium) salt 5·2Br. A solution of 5·2Br and nickel acetate tetrahydrate in DMF was heated from room temperature to ca. 110 °C over the course of ca. 10 minutes, and then immediately allowed to cool, which resulted in the formation of the five-coordinate nickel complex 6 as a purple precipitate, which could be further purified by recrystallisation from nitromethane.
Treatment of a mixture 6 and potassium hexafluorophosphate in methanol affords the fourcoordinate complex salt 7·PF 6 as an orange powder in high yield (Scheme 1). Attempts to grow single crystals of either 6 or 7·PF 6 proved difficult, routinely affording extremely fine needles that
were not suitable for single crystal X-ray studies. Such behaviour was also observed for the previously studied non-methoxy analogues 2 (X = Br) and 3·PF 6 (X = Br). [13] The salt 7·BPh 4 was prepared similarly to that of 7·PF 6 , using sodium tetraphenylborate instead of potassium hexafluorophosphate. Recrystallisation of the tetraphenylborate salt 7·BPh 4 afforded single crystals that were suitable for X-ray studies (see Solid-state studies). Dissolution of 7·PF 6 in methanol or dichloromethane affords bright yellow solutions. In the case of 6 solutions in methanol are bright yellow whereas solutions in dichloromethane are yellow to orange, depending on concentration.
polar solvents due to the insoluble nature of 2. In an effort to improve the solubility of such systems, and to further explore the solution behaviour of these complexes, we synthesised the noctyl-substituted bis(benzimidazolium) salt 8·2Br and the five-and four-coordinate complexes 9
and 10·PF 6 in good yields using procedures similar to those described above (Fig. 2) . As with 2 (X = Br) and 3·PF 6 (X = Br), attempts to grow crystals of 9 and 10·PF 6 invariably afforded extremely fine needles, however we were fortunate that when using THF and methanol as recrystallisation solvents dark purple crystals of 9, suitable for X-ray studies, were isolated (see Solid-state studies).
The addition of the octyl-substituents significantly improved the solubility of the complexes, particularly the five-coordinate complex 9 that proved to be soluble in chlorinated solvents such as dichloromethane, affording purple/brown coloured solutions. This contrasts with the butyl substituted complex 2 (X = Br) which only displayed appreciable solubility in more polar solvents such as methanol, and upon dissolution (of the purple solid) afforded yellow solutions. The structure for 9 displays a distorted trigonal bipyramidal geometry around the nickel centre, with the two bromide atoms and N21 forming the horizontal plane and the carbene carbons C12 and C32
occupying the axial positions (Fig. 3) . The geometry in 9 is similar to that of the crystallographically characterised chlorido complex 2 (X = Cl) [13] and a related [(CNC)PdI 2 ]
complex. [11] The structure of 9 represents only the 3rd crystallographically characterised example of this unusual five-coordinate geometry for nickel or palladium complexes of this class of pincer ligand system. [11, 13] Group 10 metal complexes of these types of N-heterocyclic carbene CNC pincer ligands typically display four-coordinate planar geometries. [10, [15] [16] [17] 25] Interestingly, the fivecoordinate geometries have been only observed with CNC ligands based on benzimidazolin-2-ylidenes and not the more common imidazol-2-ylidenes. [11, 13] The cation 7 shows an essentially co-planar molecule with the exception of the pendant butyl chains and methoxy groups (Fig. 4) . . [13] The 'cavity' for the bromido ligand to occupy in the ideal square-planar geometry, as measured by the distance between the two benzimidazole bound methylene carbons C1···C5 is only slightly larger in the methoxy functionalised complex, at 6.594(2) Å, compared to that of 6.547 (6) Å for 3·PF 6 (X = Br). [13] A comparison of the solid state structures for the cations in 7 and 3 (X = Br) does not reveal any obvious reasons as to why the coordination geometry around the nickel centres should vary so significantly, however the variation in their geometries appear to correlate with the observed differences in their solution behaviour. The molecule at 1-x,1-y,1-z is shown with blackened bonds. 4 1.929 (2) 3·PF 6 (X = Br) [13] 1.924 (4) (6) 6.341 (4) 1.998(3), 1.797(3) 2 (X = Cl) [13] 1.897(6), 1.900 (7) 1.871 (5) 2.2791 (18) 
UV-vis studies
In our earlier studies of the five-coordinate [(CNC)NiBr 2 ] 2, the low solubility of the complex in various organic solvents limited our solution studies to polar solvents such as methanol. [13] In these studies the UV-vis spectra of solutions of [(CNC) [13] The improved solubility of the ocyl-substituted [(CNC)NiBr 2 ] 9 in chlorinated solvents compared to the butyl-analogue 2 (X = Br) allowed for further studies of the solution behaviour of these types of complexes.
Solutions of 9 in dichloromethane were brown/purple ( Fig. 8 ) whereas solutions in methanol were bright yellow. The differences in solution colour are consistent with the dramatically different UV-vis spectra (Fig. 9) . The spectrum for a methanol solution of 9 ( Fig. 9) is very similar to that of the spectra for solutions of the four-coordinate [(CNC)NiBr]PF 6 10·PF 6 in methanol or dichloromethane ( Fig. 9) , which excludes the possibility that the absorption profile of 9 in methanol originates from the cationic solvato-complex with a distorted trigonal bipyramidal geometry. This data is consistent with the dissolution of [(CNC)NiBr]PF 6 10·PF 6 in either methanol or dichloromethane resulting in solutions with the four-coordinate species [(CNC)NiBr] + 10, as well as dissolution of 9 in methanol forming the same four-coordinate species. We assume that the spectra of 9 in dichloromethane (Fig. 9 ) is a spectrum of the five-coordinate species in solution, based on the stark differences in colour in solution (brown/purple for 9 in dichloromethane; bright yellow for 10 in dichloromethane) that parallels their solid state appearances (purple powders for 9; yellow powders for 10·PF 6 ) (see Supporting Information). from the five-coordinate 9. This change in the equilibrium position was observed by the decrease of the absorbance peaks at ca. 450 and 550 nm and an increase in the peak at ca. 390 nm (Fig. 11) , and is consistent with the increased solvation of the free bromide by water. The methoxy-functionalised complex 6 appeared to behave differently in dichloromethane solutions compared to 9. The UV-vis spectra for dichloromethane solutions of 6 and 7·PF 6 are remarkably similar (Fig. 12) . Although there is an increase in the absorbance at ca. 550 nm in the solution of 6 in dichloromethane, it is not as pronounced as the spectrum of 9 in dichloromethane. The addition of a large excess of tetrabutylammonium bromide to the solution of 6 in dichloromethane resulted in a small enhancement of the absorbance at 550 nm (Fig. 13) . It would appear that in the case of 6 the addition of the methoxy-substituents causes the nickel to favour, though possible not exclusively, a four-coordinate geometry in solution. However in the solid-state the colour of 6 (dark purple) is consistent with the five-coordinate geometry. This may be a result of the subtle differences in the complex structure (see Solid-state studies) or as a result of an electronic influence of the methoxy groups on the carbene donor atoms. 
Catalysis studies
The catalytic activity of complexes 6 and 2 (X = Br) were evaluated in Tamao-Kumada-Corriu coupling reactions against several aryl substrates of varying electronic and steric properties ( Table   2 ). Despite the very low solubility of both complexes in THF, the addition of the Grignard reagent to the mixture afforded a dark red solution, presumably as a result of the dissolution of the complex.
The results show that only moderate yields of coupling products were, with complex 2 (X = Br)
proving to be the 'better' catalyst (Table 2 ). Both complexes show little tolerance for sterically hindered substrates. Significant homo-coupled products (from the Grignard reagents) were found in all reactions, which has been previously reported for similar systems. [26] This side reaction is believed to be responsible for lower than expected yields as the Grignard reagent is consumed in the formation of the homocoupled product. The catalyst only showed reactivity towards aryl halides.
The attempted coupling of alkyl halides [e.g. (4-bromobutoxy)benzene] did not form the desired product, instead 1 H NMR analysis indicated the formation of alkenes (e.g. 4-phenoxybut-1-ene), suggesting a β-hydride elimination pathway. Without the addition of the nickel complexes there was no reaction between (4-bromobutoxy)benzene and the Grignard. The more soluble complexes 7·PF 6 and 3·PF 6 were also tested, and found to have similar activity to their parent compounds. In comparison to the imidazole-based analogue 1·Br the benzimidazolin-2-ylidene pincer complexes studied here proved to be less efficient catalysts in Tamao-Kumada-Corriu coupling reactions. [26] The complexes also displayed less activity than a benzimidazolin-2-ylidene nickel complex of the type [(NHC) 2 NiBr 2 ] bearing a cis-chelating dibenzimidazolin-2-ylidene ligand.
[27] 
Conclusions
Solution studies of the octyl-substituted bis(benzimidazolin-2-ylidene)pyridyl pincer fivecoordinate nickel complex [(CNC)NiBr 2 ] suggests that the complex, with a five-coordinate geometry, can exist in solution, unlike what was observed in earlier studies. [13] The five-coordinate species is in an equilibrium with the four-coordinate species [(CNC)NiBr] + , and the equilibrium is strongly influenced by the nature of the solvent system, in addition to ligand variations (pincer and halide) as reported previously. [13] The addition of methoxy groups to the periphery of the benzimidazolin-2-ylidene appears to result in the favouring of the 4-coordinate geometry in solution, though the exact reason for this preference is unknown. The nickel complexes displayed only moderate activity in Tamao-Kumada-Corriu coupling reactions.
Experimental
Nuclear magnetic resonance (NMR) spectra were recorded using a Bruker AV400N (400. correlations) experiments. Coupling reactions were analysed using a HP 5890A gas chromatograph with a flame ionisation detector. Microanalyses were performed by the Central Science Laboratory, University of Tasmania, or locally using Perkin Elmer 2400 CHNS/O Analyser. UV-vis spectra were collected using Perkin-Elmer Lambda 35 or GBC 916 UV/vis spectrophotometers. Quoted peak maxima are for the range 350-700 nm. 5,6-Dimethoxybenzimidazole, [24] 1,3-bis(benzimidazol-1-yl)pyridine, [10] the five coordinate [(CNC)NiBr 2 ] complex 2 (X = Br) [13] and the 4 coordinate [(CNC)NiBr]PF 6 salt 3·PF 6 (X = Br) [13] were synthesised by literature procedures.
1,3-Bis(5,6-dimethoxybenzimidazol-1-yl)pyridine (4)
A solution of 5,6-dimethoxybenzimidazole (2.0 g, 11 mmol) in dimethylformamide (10 mL) was added dropwise to a cooled (ice-bath) suspension of sodium hydride (60% dispersion in oil, 0.50 g, 12 mmol) in dimethylformamide (10 mL). The reaction mixture was warmed to room temperature and stirred for 1 h and then 2,6-dichloropyridine (0.68 g, 4.6 mmol) was added. The resulting mixture was then heated at 70 °C for 24 h, and then at 140 °C for a further 24 h. The mixture was cooled and then diluted with water (20 mL). The resulting precipitation was collected, washed with diethyl ether (2 × 10 mL) and recrystallised from toluene (~50 mL) to produce a light pink powder ( 
1,1'-(2,6-Pyridyl)bis(3-n-butyl-5,6-dimethoxybenzimidazolium) dibromide (5·2Br)
A mixture of 1-bromobutane (5.0 mL, 29 mmol) and 4 (0.84 g, 1.9 mmol) in dimethylformamide (10 mL) was sealed in a screw-capped flask and then heated at 100 °C for 48 h. The mixture was cooled and a precipitate was collected. The filtrate was diluted with diethyl ether (50 mL) and the resulting precipitate collected. The solids were combined, and then recrystallised from 1-propanol (~10 mL) to afford a colourless powder (0.79 g, 57% 
1,1'-(2,6-Pyridyl)bis(3-n-octylbenzimidazolium) dibromide (8·2Br)
A 
Dibromido[1,1'-(2,6-pyridyl)bis(3-n-butyl-5,6-dimethoxybenzimidazolin-2-ylidene)]nickel(II) (6)
A mixture of nickel acetate tetrahydrate (0.52 g, 2.1 mmol) and 5·2Br (1.0 g, 1.4 mmol) in dimethylformamide (4 mL) was heated from room temperature to 110°C over the course of ca. 10 min and then immediately allowed to cool. The resulting precipitate was collected, washed with diethyl ether (10 mL) and recrystallised from nitromethane (ca. 150 mL) to yield a purple fine crystalline solid (0.58 g, 54% 
Bromido[1,1'-(2,6-pyridyl)bis(3-n-butyl-5,6-dimethoxybenzimidazolin-2-ylidene)]nickel(II) hexafluorophosphate (7·PF 6 )
A mixture 6 (0.11 g, 0.17 mmol) and potassium hexafluorophosphate (60 mg, 0.33 mmol) in methanol (20 mL) was warmed for 5 min until an orange precipitate developed. The solid was collected, washed with water (5 mL) and diethyl ether (2 × 10 mL), and dried to afford an orange powder (0.10 g, 85% 
Catalysis studies
Typical procedure for nickel catalysed Tamao-Kumada-Corriu coupling reaction: Grignard reagent 
X-ray Structure Determinations
The crystal data for 9 and 7·BPh 4 ·Et 2 O are summarized below, with the structures depicted in Figures 1 and 2 , where ellipsoids have been drawn at the 50% probability level, and also in Figures 3-5. Selected coordination geometries are shown in Table 1 . Crystallographic data for the structures were collected at 100(2) K on an Oxford Diffraction Xcalibur diffractometer (for 9) or an Oxford Diffraction Gemini diffractometer (for 7·BPh 4 ), both fitted with Mo Kα radiation. Following analytical absorption corrections and solution by direct methods, the structures were refined against F 2 with full-matrix least-squares using the program SHELXL-97. [28] Anisotropic displacement parameters were employed for the non-hydrogen atoms. All H-atoms were added at 
Supporting Information
Images of 6, 9, 7·PF 6 and 10·PF 6 in the solid-state form are provided in Supporting Information.
